We report on the development of an optical fiber based probe for in vivo measurements of brain temperature. By using a thin layer of rare-earth doped tellurite glass on the tip of a silica optical fiber a durable probe, suitable for long-term in vivo measurements of temperature can be fabricated. The probe can be interrogated using a portable optical measurement setup, allowing for measurements to be performed outside of standard optical laboratories as no alignment of components is required. This setup is deployed to a medical research laboratory to show preliminary results on the use of these optical fibers for in vivo pre-clinical measurements of brain temperature.
INTRODUCTION
The brain is the most temperature-sensitive organ in the body 1 . The temperature of the brain can be influenced by multiple environmental, immunological and toxicological factors, and even small changes in brain temperature can result in profound functional behavioral impacts, regional cell toxicity within the brain or even neuronal cell death 2 . When investigating thermal insults such as the administration of stimulant drugs (e.g. 3,4-methylenedioxy-methamphetamine; MDMA), whose pharmacology and toxicology impact brain regions deep within complex cellular structures 3 , it is important to measure temperature in a localized spatial region within the brain. For these experiments there is a requirement for a minimally invasive temperature probe, which can record  0.1 o C changes within deep brain structures, in a live ambulatory rodent in a medical science laboratory. Optical fibers have been used as a potential solution for this. Previous work has demonstrated using large diameter (0.5 mm) optical fiber probes implanted within a pig brain 4 .
Rare-earth thermometry has evolved as a potential solution for small-scale measurements of temperature 5, 6 . Rare-earth thermometry techniques typically utilize upconversion emission, where the relevant spectrum is emitted at a shorter wavelength than the excitation light 7 . This is important in an application involving in vivo measurements, as alternative optical methods which rely on excitation and collection using UV or visible light can be strongly influenced by background autofluorescence from the surrounding tissue 8 . Our previous work on the fabrication of optical fiber probes using rare-earth doped glass for temperature sensing demonstrated a proof of concept as to the possibility of using fluorescence upconversion in biological/medical applications 9 . However, the practical use of these sensors was limited by the use of bulk optics for coupling into the optical fiber probe, and the use of a large, benchtop spectrometer for analysis of the emitted optical signal. In this work we build upon the technology developed in our previous paper and demonstrate a fully portable temperature measurement setup based on rare-earth doped glass optical fibers which does not require alignment of any components and can fit on a portable optical breadboard. 
METHOD

Probe fabrication
The glass host material chosen was sodium zinc tellurite (ZNT) glass 10 , doped with 1 mol% erbium and 9 mol% ytterbium. Co-doping with a sensitizer, in this case ytterbium, allowed for the upconversion efficiency to be significantly increased over doping solely with erbium 11, 12 . Optical fiber probes were fabricated using a previously established method 9 . One meter of polarization maintaining (PM) fiber (Nufern 980XP) was cut, and 15 mm of coating was stripped from one end of the fiber. A 25 gauge needle was cut to a length of 4 mm, and any sharp edges rounded off. The fiber was then inserted into the needle, cleaved, and glued inside the needle body with approximately 2 mm of fiber protruding from the end. The fiber tip was immersed within the molten tellurite glass for a period of approximately one second, before being removed and allowed to cool in ambient atmosphere to room temperature, as shown in Fig. 1 . Fig. 1 -Method for fabrication of temperature sensitive optical fiber tips. The fibers are cleaved and mounted within needles, and encased within a protective buffer jacket. The assembly is then dipped into erbium:ytterbium doped tellurite glass to rapidly functionalize the tip.
Probe calibration
Each probe was individually calibrated to obtain a plot of the expected fluorescence ratio versus the actual temperature. For calibration experiments, the RTD was co-located within a rats brain submerged in a water bath, with both the probe and RTD temperature cycled using an incubator.
Animal radio telemetry and optic fiber temperature probe implantation
Four pathogen-free male Sprague-Dawley rats were used, weighing 270-300 g. Rats were surgically implanted with telemetry devices (Data Sciences International TA11CTA-F40), that measure core body temperature, activity, and ECG, as reported previously 13 . The optical fiber temperature probe was implanted into the right striatum (A: +0.2 mm, L: +3.0 mm, V: -3.5 mm from bregma). All coordinates were referenced from a rat brain atlas 14 .
Drug Treatments
Prior to the day of the experiment, rats were pre-treated with 3 doses of saline (10ml/kg, i.p) over 3 days. On the experimental day, brain and body temperature recording was conducted for 6 hours, with the first 2 hours being used to establish baseline brain and body temperature levels before the final injection of saline was administered. A saline drug treatment schedule was selected for experimentation to ensure low counts of animal locomotor activity (LMA) during the recording period. 
RESULTS
In vitro
In vitro results with the fiber probe and co-located RTD are shown in Fig. 3 . These results demonstrate that the measured change in fluorescence ratio over the relevant biological range can be approximated as linear with an R 2 of 0.9994 over the measured range from 22°C to 51°C, with a sensitivity of 0.00526K -1 displaying a similar response to the previously published probe that showed a precision of 0.1-0.3 ºC 9 . 
In vivo
Results from the implantation of a probe within an ambulatory rat brain is shown in Fig. 4. Fig. 4 shows the brain temperature measurements, averaged across multiple (n=4) animals, observed with the fiber probe and body temperature measurements gathered from the implanted telemetry receiver in saline treated rats. Fig. 4 results are shown as the mean values and standard error across all trials, at six minute intervals. 
CONCLUSION
We have demonstrated proof-of-principle measurements for the use of an optical fiber probe to measure temperature in vivo based on rare-earth thermometry. Our in vivo results display a good correlation between brain and body temperature across the four trials, with both the brain and body temperatures agreeing within the error margin of the experiment. This probe could find applications to perform measurements in situ with other neural recording equipment. Due to the small size of the fiber tip it could be affixed to an existing sensor, and implanted with an identical method to that used in existing experiments without inducing additional stress or damage.
